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INTERMTIONOFEEARINGANDTENSILEDADS

iy E.G.

Theobjective

-ONCREEPPROI?ERTIESOFJOINTS

Eciline,R.L.Carlson,andG.K.Manning

ofthisinvestigationwastostudytheinteractionof

.

bearingandtensileloadsonthecreepbehaviorofjoints.Toachieve
thisobjective,a specimenwasdesignedwhichpossessedsomeofthe
generalfeaturesofpinandrivetjointconnections.Ana~axatuswas
constructedtoapplybothbearingandtensileloadstothejointmodel.

Measurementofdeformationwasaccomplishedbytheuseofa photo-
gridprintedonthejointmodel.AUJ.YSiS ofthedeformationpatterns
tidicatesthattheformofthestrain-historycurvesatsomepointsin
thesimulatedjointissimilartothatofthestrain-historycurvesfor
uniax.ialtensilecreeptests.Further,thereappearstoexista steady-
stateperiodduringwhichcertaincreepstra.fhratesremainconstant.
Thismayimplytlwxtthestressdistributionduringthatperiodisalso
constantdverpartofthespecimen.

Forthetestedspecimens,hole
andtensileloadingwascomposedof
plusanelongationduetobearing.
sive,theelongationduetobearing
tionalholeelongationcontinuedat

elongationduetoconibinedbearing
anelongationduetothetotaltension
Whenthebearingloadwasnotexces-
appearedtobetransient,andaddi-
a ratethatwasa~roximatelyequal

to thatfora tensileloadofthesametotalmagnitude.

Thefractureappearanceofspecimenssubjectedtotensionandof
specimenssubjectedtotensionandbearingwassimilsr.Theextentof
certainfracturezonesdifferedforthetwocases,however.

Theresultsofthisexploratorystudyindicatethatseveralfeatures
ofthedeformationbehaviormaybeamembletoa simplifiedanalysis.
Beforefinalconclusionscanbemade,however,more-detailedmeasurements
shouldbemade,andadditionaltestsshouldbe conducted.
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Ithasoftenbeen
turalasseniblymadew

INTRODUCTION
t,

observedthatthesatisfactorydesignofa struc-
ofmanyelementsc-annotbeachievedsimplyby “

usingbasicmaterialdatatopredictthebehaviorofthestructureasa
-w-

hole. Onecaseinwhichsucha correlationhasbeenfounddifficultis -
thatofloadedcompositestructuresexposedtooperatingtemperatures
highenoughtocausecreep.Ithasbeen.found(refs.1 and2),for
~le~ t-t thedefomtioncontributionatrivetedconnectionsis
greaterthanhadbeen.anticipated.Thesuccessfuldesignofhigh-
tenperaturestructuresthatincludejointscan,therefore,beaffected
onlyifproperallowanceismadeforjointdeformation.

Oneoftheobjectivesofthisinvestigationwastodevelopa simple
jointmodelthatpossessedsomeoftheessentialfeaturesofpin-and
rivet-typeconnections.It was feltthata studyofthemodesofdefor-
mationresultingfromvariousconibinationsofloadingmightfurnisha
basisforsimpli@ingassumptionsthatwould-petitthepredictionof
jointbehavior.Thespecimenwhichwasusedasa jointmodel(fig.l(a))
allowedtheap@.icationofbothbearing(througha pin)andtensileloads.
A limitationofthedesignisthatrivet-headpressuresandsubsequent .
sheetfrictioncannotberepresented.

Inmmy sheetrivetedconnections,thestressdistributionpresent
inthevicinityoftherivetholecanapproximatelyberepresentedas
thesumoftwostresssystems,oneduetotensionandoneduetobearing
(appliedthrougha rivetinthehole).Thesuperpositionofthesetwo
typesofstressesshouldresultina fadra~roximationtothoseinthe
rivetedjointsofactualstructures.Theratiooftheloadstooneanother
woulddependonthemannerofloading,thetypeofjoint,andthemmiber
ofrivets.Itshouldbepossible,however,toshd.atemanyjointssimply
byvaryingtheratiooftensiontobearing.

Duringthisinitial,exploratorystudy,emphasiswasplacedon
evolvinga systemforobsemdngandevaluatingthedeformationsdueto
variousloadColdmlations.Inaddition,itwasfeltthata complete
_sis ofthecaseoftemionalonewouldbenecessaryforthesimpli-
ficationofthemorecomplicatedcaseofanactualjointconnection.
Thus,muchofthepreliminnworkwasdevotedtothiscase.

ThisinvestigationwasconductedatBattelleMemorialInstituteunder
thesponsorshipandwiththefinancialassistanceoftheNationalAdvisory
CommitteeforAeronautics.

‘e
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EXPERIMENTALWORK

Specimens

Thespecimensusedforthisinvestigationwerecutfroma 1/8-inch-
thicksheetof2024-0aluminumalloy.Theloadingaxisofthespecimens
wasperpendiculartothedirectionofrolling.Specimendrawbgsare
showninfigure1. Thematerial-wastestedintheas-receivedcondition.

TOemiblemeasurementsofthedefomat~onsthattookplaceduring
thetestingtobemade,aphotogridwasqpliedtoonefaceofeach
specimen(seefig.2). Thetechniqueusedtoapplythephotogridis
describedina latersection.

Apparatus

Thespecialfixtureshowninfigcwe3 wasconstructedforapplying
tensileandbearingloadstospecimensofthetypeshowninfigurel(a).
Essentially,thea~aratusisa lever-typetensileloaikingframetithan
additional.levertoapplyabesringload.Sincethelines of action of
thetwoforcesaresuperimposed,thebearingloadisappliedbyspin and
yolkarrangementsothatthebearhgloadremainsindependentofthe
tensileload.Bothloadsremdnconstantthroughouta test.

Theelectricfurnacewhichenclosedthespecimensmaintainedthe
testtemperatureofhOOOF towithin8° F onthe15-inchspecimen.Near
thecentralg-inchgagesection,theteqm?aturevariationwaslessthan
4°F. AMi.nneapolis-Honeywe13propo?%ionin$controllerwasusedtocon-
trolthetemperatureduringtests.

Procedure

Thetensilestress-straindiagrsmatelevatedtemperature(fig.4)
andthetensilecreepcurves(fig.5) ofthematerialwereobtainedfrom
testsmadeonthespecimenshowninfigurel(b).

ForthetestsinconMnedtensileandbearingloading,thespecimen
showninfigurel(a)wasused.Toperfoathistest,-thespecimenwas
placedinthetestingmachine,anda smalltensileloadwasapplied.
Ifabesringloadwastobeused,a hardenedsteelpin0.@5 inchin
dismeterwasplacedthroughtheholeinthespecimen,anda smallbesring
loadwasapplied.Thefurnacewasclosed,andthespecimenwasheated
tothetesttemperature(kOOOF)inabout~ minutes.Afteranaddi-
tional20-minutetemperature-stabilizationperiod,thetestloadwas
applied.Ineachcombined-loadingtest,thetensileloadwascompletely

.
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appliedbeforesnybearingloadwasintroduced.Itislikelythatthe
orderofloadingwillhavesomeeffectonthedeformationsthatoccur. &-
Thiswouldbeexpectedparticularlyforthosecasesinwhichthedefor-
mationissmall..However,afterlargecreepdeformationshavetaken
place,theorderofinitialloadingshouldbecomelesssignificant. ,.

Aftera selectedinterval,theloadwasremoved,andthespecimen
wasallowedtocooltoroomtemperature.Allspecimensweretestedat
hOOoF,andtestperiodsrangedfromlessthanlminutetoover24hours.

MeasurementofStrain

Thephotogridthatwasappliedtothespecimenformedsquaresmeas-
uring0.0500~ 0.0001tichandorientedwiththeirsidesperpendicular
andparalleltotheaxisofthespecimen.Aftertesting,thesesquares
haddeformedplasticallyandtheirnewdimensionsweremeasured.Thus,
longitud~ andtransversestrainscouldbeobtained.

Measurementsweremadewitha Gaertnermicrometercomparator,the
smallestreadingofwhichwas0.00005inch.Thisimpliesa sensitivity
of50microinches.Thedeviationfromtheaversgeinfourreadingsfor .
largevaluesofstrain(over10percent)wasneyergreaterthanO.00025
inch,indicatinga reproducibilityofbetterthan5 percent.Downto
aboutl-percentstrain,thereproducibilitywasbetterthan10percent.

A~licationofl?hotogrid

Thefaceofthespecimenwhichwastoreceive
clesnedftistwithsteelwoolandthenwithpumice
wasthenplacedinawarmedbox(aboutl~°F) and

thephotogridwas
powder.Thespecimen
sprayedwithaphoto-

graphicemulsionofthefollowingcomposition:4partsofphotoengraverrs
glue,23partsofwater,1 pertofsnmmniumbichromate,aud1/4partof
amoniawater(refs.3 and4). Forspraying,theabovesolutionwas
dilutedbymixing1partofthesolutionto3 psrtsofwaterand4 parts
ofethylalcohol.Itwasnotnecessarytoperformthisworkunderdark-
roomconditions.Directexposuretosunlightwas,however,avoided.
Sixthincoatsofthedilutedemulsionwereapplied.@proximately
20minutesofdryingtimebetweenapplicationswasallowed.

Negativesmadefroma dismond-ruledglassplate(20linestothe
inch)wereplacedovertheemulsifiedfaceofthespecimen,sudprinting
wasaccqlishedbyexposuretoa No.2photofloodlamp.Thetimefor
exposurewasabout16minutes,andthedistsncefrombulbtoplatewas
about1 foot.Anelectricfankeptthespecimencoolduringeqosure. “

Theprintedemlsionwasdevelopedbywashingthespecimenina solution
ofclothesdyeandwaterforabout5 minutes.Afterdrying,thegrid .

.
.. ...— ———— _.. .— ——.. . —. . .
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formedonthespecimenwasgenerallyimpervioustomoderateWudlingand
wascapableof%thstandingexposuretothetest

DISCUSSIONOFRESUI!IS

Thedesiaofjointssubjectedtocreepcan
allowableamountofdeformationoronfracture.

temperatureofkOO”F.

bebasedeitheronan
Theapproachinstudying

jointbehaviorwoulddifferineachcase.Iffracture-istheonly~or~
tantconsideration,a largenumberofstress-rupturetypesoftestswould
yieldinformationfordesign.Howeverjifallowabledeformationisthe
criterion,a moreelaborateanalysisiuvolvingstrainhistoriesisnec-
essary,andfewerbutmoredetailedtestsmustbeperformed.Oftena
moreconsezwativedesignisnecessarythanthatsuggestedbyfracture
data.Thisinvestigationwasconcernedprimarilywithrecordingdefor-
mationhistories.

Animportantfactorthathasnotbeeninvestigatedinthis~lor-
atorystudyistheeffectofthegeometryofthetestmodel.ItiS
expectedthattheholediameter-to-widthratio,holediameter-to-thickness
ratio,andholewidth-to-thicknessratiowillhaveeffectsonthedefor-
mationpatterns.Furthertestsareneededtoevaluatetheseeffects.

PlateSubjectedtoTension

Whentheplateareasurroundinga holeisunder
tensilestressandatanelevatedtemperature,creep

a sufficientlyhigh
willoccur.Unfor-

tunately,thestratiswillnotbeuniformacrossa sectioncont-
theholebecauseofthestressconcentrationcausedbythepresenceof
thehole.M figure6, themsximumstrainsinthetestspecimenoffig-
urel(a)areshownaftervariousperiodsoftimehadelapsed.Theapplied
stresslof14,000psiwasabovetheyieldpointofthematerial.Strains
weremeasuredinthedirectionofthea~liedstressalonga lineper-
pendiculartotheloadandpassingthroughthecenterofthehole(lineA-A).
Alsoshownb figure6 arethetheoreticalstrainsthatwouldhaveoccurred
hadtheplateremainedelastic(refs.5 and6) andthestrainsduetothe
initialplasticloading(zerotime).Previouswork(refs.7 and8)on
2024-T3ahminum-alloysheetatroomteqeraturehasshuwnthatthestress
audstrainconcentrationfactorsneara holeina verywideplatesub-
jectedtoplasticloadingaregivenapproximatelyby

@he term“appliedstress”referstothelongitudi&lstressacross
a sectionofthespecimenawq fhomthehole.

e

.—.— . . .. —--- — .-. . — .- —— -— -
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where

aC.F. stress

eC.F. strain

(Es)a,@ secret

()EsuC.F.= 1+~ (Es)m

(Es)a
~c.F.

= 2 + (Es)a,fi/2

co-ncentration

concentration

modulusatpointof

(Es)m secantmodulusata point

Theconcentrationscomputedfromthese
ure6 sre:

Experimentally

Thedifference

mexiupmstress

farremovedfrom

formulasforthe

uC.F.= 1.34

eC.F.= 7.85

determinedvaluesare:2

uC.F.= 1.56

~C.F.= 9.13

#!

.,

*
hole

valuesfromfig- .

betweenthecalculatedandexperimentalvaluescanprob-
ablybeattributedtoa differenceb thege-&etryandproperties~fthe
materialusedinthisstudyandofthatusedinreference7.

Itwaadifficulttoobservetheratesofstrainfrom.figure6,and
figure7wasthereforeprepared.Itshowsthestrainsinthedirection
oftheappliedstressatvariouspointsalongtie A-Aasfunctionsof
time. Sincethegeneralappearanceofthesecurvesissimilartothat
ofuniaxialcreepcurves,thezoneshavebeenlabeled”“primary,”sec-
ondary,” and“tertiary.”

2Althuughthestressesattheinteriorarebisxisl,theyareuniaxial -
atthefreeedgesofthespecimen.Fortheedges,itispossibleto
obtainvaluesofstressfromtheobservedstrainandtheuniaxialstress-
straindisgrsm(fig.4). Thisiswhathasbeendonetocomputetheeqer-
imentalvalueofstressconcentration.

—

*

.. — .—— —-——-- ———-. - .. .
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Theprimarystageis,nodoubt,relatedtotheprimsrystagewhich
wouldoccurfortensilespecimensunderconstantstress.Thepr-
stsgeinfigure7 issomewhatporecomplex,however,sincethestresses
onthefibersarenotconstantjparticularlynearthehole.Duringthe
primsrystsge,thestressesareundergoingcontinuousreadjustment.
Stressesadjacent%otheholecaubeexpectedtodecreaseorrelax,and
thoseawayfromtheholecanbeexpectedtoincreaseslightly.

Theexistenceofa~roximatelyconstantcreepratesforfibersalong
lineA-A(seefig.6) duringthe secondsry stagehastentativelybeen
tskentoi@lya f-d orsteady-statestressdistributionalonglineA-A.
Itshouldbeemphasizedthat,ifa steadystatedoesexist,itexists
onlyduringthesecondarystsge..Further,regionsaboveandbelow
lineA-Aareprobablynotsteady-stateregions.Itispossible,however,
thatthesteady-statezoneq tendtogrow.Futureadditionalmeasure-
mentsmayrevealthis.

Sincestrainratesdecreaseawq fromthehole,Mnesoriginally
psmll.eltolineA-AwouldbeexpectedtorotatewithrespecttoA-A.
Figure2,whichshowsphotographsofdeformedspecimens,indicatesthe
occurrenceofsuchrotation.Asindicatedabove,furtherdetailedanal-
ysisofregionsadjacenttolineA-Ashouldpravidemoreinsightinto
thekinematicsofthedeformation.

AuattemptwasmadetoderivethestressesalonglineA-Abycom-
paringthecreepratesoffigure7 (secondsrystage)withcreeprates
fortensile~eep. (Strictlyspeaking,suchacomparisoncanbemade
onlyatthefreeedgesofthespecimen.) Thisattemptwasnotsuccessful
becausethesecondarycreepratesfromthetestsconducted(seefig.5)
weretoolow.Furthertensilecreeptestsathigherstresslevelsshould
makesucha comparisonpossible.

&ter sufficientelongation(sndcorrespondingreductioninarea)
ofthefiberattheedgeofthehole,thecreepzateincreaseduntil
fractureoccurred.Itisinterestingtonotefromfigure7 thatthe
entirecrosssectionapparentlyentereda thirdstageinrapidsuccession,
eventhoughthestrainsfartherfromtheholewouldnotbeexpectedto
dosoforsometime.Thiscanbeattributedtoa shiftingofloadfrom
theweslsenedfibersnearesttheholetothosefartheraway.

Thenet effect of thestrainsintheareasurroundingtheholewas
toproduceauelongationoftheholeinthedirectionoftheapplied
stress.Figure8 showstheholeelongationduetovariousa~liedstresses
andfigure9 showstheholeelongationduetocreep.Theinitialhole
elongation(fig.8)resultedmaay froma smaUbutdefiniteplastic
zoneadjacenttoeachsideoftheholeatthepointsofmaximumstress.
Asthestresslevelincreased,theplasticzonespread,causinga still
greaterholeelongation.

.——- .----- .—. — .— - --— —.—— .. ..—..—. _.—
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Thecreepelongationsoffigure9 hadthesamegeneralformasthat
uniaxialcreepcurve.Itisinterestingtonotethatthesecondary -
ofholeelomzationwasamroximatelyone-halftheseeond=mrateof

maximumstrain(m&suredime-~atelyadjacenttothehole)intestsat
both14,000and10,000pSi. A comparisonwasnotobtainedat8,000psi ,,
becauseitwasfeltthatthestrainsatthatstressweretoosmalltobe
reliablymeasuredbythemethodthatwasused.Itwouldbee~ectedthat
theholeelongationwwuldbea functionofsomekindofaverageofthe
adjacentstrains.hd.ysisOfmoreexperimentaldataisnecessary,how-
ever,beforeanydefMte conclusioncanbereachedastowhatthenature
ofthisrelationshipmq be.

PlateS&jectedtoTensionsmdBearing

Figure10showsthestrainsintestspecimensthatweresubjetted
tothecombinedeffectofbearing.andtension.Thetotalloadoneach
specimenwasthesameasthata@ied tothespecimens’offigure6. The
tensionandbearingloadswereequal,andtheactualloadvaluesare .
indicatedinfigure10. Figure11showsthestrainsasfunctionsoftime.
Theformofthesecurvesissimilartothatofthecurvesoffigure7 for
tensionalone. d

Coqymingfigures6 and10,itisseenthatthemaximumstrainsin
thecaseofconibinedloadingarehigherthanthosefortensionalone.
W addition,thestrainsremdnrelativelyhighfm a greaterdistance
awayfromthehole,ticatingthata largerareaneartheholeremains
subjectedtohightensilestresses.

Theratesofstrainedjacenttothehole(fromfigs.7 endI..l)for
combinedloadingaregreaterthanthosefortensileloading.Farther
awsy,huweverjtheratessreapproximatelythesamefa bothtypesof
loading.Thisagainindicatesthattheeffectofbearingislesshighly
localized.Farawayflromthehole,thestrahscaube considereddue
entirelytothetensilestressesproducedbytheappliedloads.

Intuitively,itwouldseemthattherateofcompressivecreepdefor-
mationduetothebearingpinforsmallbearingloadswouldeventually
becomestabilizedendbesmallcomparedwiththetensilecreeprate.This
wouldoccurasa resultofabuildupofmaterialinfrontofthepin.
EvidencesupportingthistendencyisshowninfigureX2. Herethevar-
iationofrivetholeelongationwithtimeisshownforthreecasesof
conibinedloading.Thedashedlinesrepresentholeelongationforthe
caseoftensionalone.Inthecaseofthetwolowerstresses(8,OOOand
10,000psi)therateofelongationisa~roximatelythesamefqrconibined ~
loadingasfortensileloadhg.Apparently,at14,000psi,thespecimen
fracturedbeforetherateofbearingdeformationbecsmesmall.Theratio

— —..—. —— .— -— ..- -.. .-—__ ._ .._. ._
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oftensileload3tobearingloadwas2:1forthelk,oW-
testsand3:2 for the8,000-psitest.~ forthehigh

9

and lo,ooo-psi
percentageof

u

,

bearingloadinthelastcase,theprincipalinfluenceontherateof
holeelongationwasthetotaltensilestressacrossthesection.

Ultimately,itishopedthattheobservedfeaturesofthedeformation
behatiamsyprovldeabasisforthedevelopmentofa s~ltiiedmethod
ofanalyzingjointdeformation.Joint-deformationanalysismq, for
example,besimplifiedifthetensileloadactingonsectionA-Aoffig-
urel(a)isassumedtobea goodMex ofdeformation,reg~dlessofthe
loadinjgcodMnation.Forthedatapresented,thedeformationsatthe
outeredgesofthespecimenswereapproximatelyequalwhenthetensile
loadsacrosssectionA-Awerethesame.Further,ita~earedthathole

& elongationduetobeazingdeformationinfrontofthebearingpinmaybe
transientwhenthebearingloadisnotexcessive.Continuedholeelon-
gationproceededata ratethata~esredtodependonthetensileload
acrosssectionA-A.

Itshouldbeemphasizedthatthesimplificationsuggestedistoa
largeextentspeculationbasedona limitedamountoftestdata.Before“
sayconclusivestatementscsnbemade,additionalworkshouldbeconducted.
Ananalysisoftestsatmoreloadlevelsaudatseveralloadratioswould
bep~icularlyhelpful.

Often,themodeof

EractureA~earance

fractureisindicativeofthemaanertiwhich
fracture id.tiates sndprqwzates. Figme2 showsthefractureappearance
ofa specimms*jected-to-t-~ionsl&eandofa specimensubjec;~dto
tensionandbearing.~ eachcasethetensileloadkwasthesame.The
rati oftensiontobearingfortheconibinedloadingwas2:1.

Therewaretwodistinctmodesoffractureassociatedwitheach
specimen.A formofcupandconefractureinwhichthereductionh
thicknesswasoftheorderof50percentoccurredinthehighlystressed
regionneartheedgeofthehole.AW fromthehole,anabruptchange
toa 45°sheartypeoffracturebeganandcontinuedtotheouteredges
ofthespecimen.Here,thereductioninthicknesswasabout10percent.

~the caseoftensionalone,thecupandconeappearanceextended
about0.15inchfromeachsideofthehole.Inthecaseofconibined

%enqile
figurel(a).
ratiois1:1.

%ensile

loadisdefinedhereastheloadactingonsectionA-Aof
Forbearingalone,asina singlerivetlapjoint,the
Fortensionalone,theratiois1:0.
loadthrough’sectionA-Aoffigurel(a).

. - —— . —. . .-—___ -.——— ..-.-__
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loading,thecupendconeappearanceextended
hole.Thisindicatesthattheregionofhigh
combinedloading.Thisfactwasalsodeduced
ofthestrainpatternsadjscenttothehole.

WA TN3758

aboutO.hOinchfromthe
stressisextendedbythe .+
earlierfromtheappearance

,,

Itisnottoo.apparentfromfigure2,butonlytheouteredgesof
thefracturedspechnensfittogether.A partofthisgapcouldhave
beencontributedbyelastic“springback”inthecentralportionofthe
specimen.A greaterpsrtofthegapis,.however,probablytheresultof
thedeformationcontinuingattheouteredgeswhilethecrackswerepro-
gressingoutward.

Itisapparentfromtheabovediscussionthatfractureinthese
testsinitiatedsi’tertheductilityofthematerialadjacenttothehole
wasexhausted.Subsequentcrackpropagationthenoccurredquicklywith
relativelylittlelocalreductioninthickness.

BattelleMemorialInstitute,
Colunibus,Ohio,January3>1955. ,

.-. —— —. —-—. .. . . .— .-
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